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Abstract 
Pancreatic cancer is an extremely aggressive disease for which patient prognosis is poor and 
survival is extremely unlikely. It is an extremely under-represented cancer in the research field, due 
to the dense tumors formed and complexities surrounding treatment requirements.  The use of 
nanomedicines in cancer therapy has been explored over the past few decades. Such nanomedicines 
are slowly coming to fruition in the clinical setting. One such platform which may possess promise 
in the fight against pancreatic cancer is the use of colloidal silver. Silver nanoparticles have shown 
potential in other cancer types over a host of treatment strategies and these are likely to be 
translatable into pancreatic cancer. This review will focus on the potential use of silver 
nanoparticles in pancreatic cancer therapy, reporting on a range of different strategies being 




Cancer is a global problem, with a high incidence and mortality. The increases in occurrence of 
many types of cancers can be attributed to the increasingly ageing population and an increase in 
other significant and varied risk factors [1]. Pancreatic cancer involves the uncontrolled growth of 
malignant cells, often leading to the formation of tumors. Pancreatic cancer occurs most often in 
people between the ages of 40 and 80 [2]. According to the most recently published edition of 
Cancer Statistics, the survival rates for pancreatic cancer are the lowest of all cancers, with patients 
from the United States having only an 8% chance of survival [2]. A study by Bray et al. looked at 
pancreatic cancer on a global scale, determining that there were 458,918 new cases of pancreatic 
cancer and 432,243 deaths, showing the number of deaths is as high as the incidence [1]. 
Additionally, the same study determined that pancreatic cancer was the 7th leading cause of cancer-
related death worldwide in both men and women, with a proportion of sufferers being men.  
 There are several different reasons why survival rates of pancreatic cancer are so dire, 
including lack of early symptoms, making diagnosis very difficult until the cancer has progressed 
[3,4], minimal response from the immune system, especially with some immune cells being 
hijacked by tumors [3, 4], metastasis developing early in the disease progression [4, 5], the lack of 
biomarkers, and resistance to chemotherapeutics [6,7]. Additionally, there are no established causes 
of pancreatic cancer, but some risk factors have been identified, including smoking [4,8], obesity 
[5,9,10,11], heavy alcohol consumption [7,8,12,13], long-term diabetes [10,1114,15], and some 
hereditary factors [12,13,16,17]. There has been some evidence for a genetic basis for pancreatic 
cancer, due to there being heterogeneity found in tumor tissues and metastasised tissues [14,18]. 
There is also evidence that there are genetic variations between individual tumors, known as 
intratumoral heterogenicity [6,15]. 
Although diagnosis during the early stages can be difficult, there are several techniques that can be 
utilised to diagnose pancreatic cancer including biopsy, fine needle aspiration and magnetic 
resonance imaging [9,16].  
 Over half of patients with pancreatic cancer have either locally advanced cancer or 
metastatic cancer [3,17] and over 90% of patients with pancreatic cancer have Pancreatic Ductal 
Adenocarcinoma (PDAC), developing from pancreatic exocrine cells [19]. PDAC is one of the most 
aggressive malignant cancers and is projected to become the second greatest cause of cancer-related 
death by 2030 in the United States [20]. A key characteristic of PDAC is the appearance of 
precursor lesions, as documented by Matthaei et al., Wu et al., and Macgregor-Das and Iacobuzio-
Donahue [21-23]. These lesions are graded according to the level of potentially cancerous cells 
present, numbered 1 to 3, where 1 indicates low grade dysplasia and 3 high grade dysplasia [24]. 
Metastasis is common in pancreatic cancer, especially for patients with PDAC of which 90% 
present with metastasis at death [25], and common sites of spread including the peritoneum, liver 
and lungs [3]. Alongside being the most prevalent pancreatic cancer, PDAC has one of the greatest 
mortality rates of all cancer types, with a consistent 6% 5-year survival rate [26]. 
 
Cancer therapies: History and Future Prospects 
  Although various therapeutics have been trialled for the treatment of for pancreatic cancer 
tumors, the more standard chemotherapeutics and radiotherapy are known to be ineffective due to 
resistance [27]. Hence, gemcitabine remains a front-line treatment, though it only prolongs the life 
of patients rather than being a cure [28]. Gemcitabine (2’,2’-difluorodeoxycytidine) (Figure 1) is 
used to treat multiple cancer types, including pancreatic, lung and breast cancers [29]. However, 
gemcitabine has been recently faced with resistance in a similar manner to other traditional 
chemotherapies. To overcome this, there have been several attempts to combine gemcitabine with 
other cancer therapeutics as summarised in Table 1. 
  A study by Reni et al. combined gemcitabine with 5-fluoruracil (5-FU), cisplatin, and 
epirubicin for patients with advanced pancreatic cancer [30]. They determined that there was a 
progression free survival (PFS) of 4 months for 60% of patients taking the combination of drugs 
compared to 28% for those taking gemcitabine alone. They also determined that 11.5% of patients 
on the combination of drugs had an overall 2-year survival compared to 2.1% of patients on 
gemcitabine alone. However, a key problem identified within this study is the short period of time 
they used for PFS. The majority of studies find a median value for their PFS, giving a greater 
indication of the efficacy of their drug or combination of drugs.    
 Cunningham et al. combined gemcitabine with capecitabine, which gave an improved 
progression free survival (PFS) for patients with advanced pancreatic cancer, with a median 
survival of 7.1 months compared to a median survival of 6.2 months for patients on gemcitabine 
monotherapies [31] They also determined that there was an overall PFS of 5.3 and 3.8 months for 
gemcitabine-capecitabine and gemcitabine alone respectively. Grade 3 (severe) and grade 4 
(potentially life threatening) side effects generally decreased except in the case of neutropenia and 
hand-foot syndrome, which increased by 13% and 4% respectively. This approach is currently used 
in the UK as a therapy for pancreatic cancer. 
 Another treatment suggested was FOLFIRINOX, a combination of folinic acid, irinotecan 
and oxaliplatin [32]. Conroy et al. compared gemcitabine to FOLFIRINOX for patients with 
metastatic pancreatic cancer. They found a greater overall survival and a greater PFS of 11.1 and 
6.4 months respectively compared to gemcitabine’s 6.8-month overall survival and 3.3-month PFS 
[33]. However, there were more side effects noted when using FOLFIRINOX, with incidences of 
Grade 3 and 4 side effects, including neutropenia, thrombocytopenia and sensory neuropathy all 
increasing, with no statistics to show how much worse these side effects are in patients. This 
increase in prevalence of side effects indicates that FOLFIRINOX has a much higher toxicity to 
healthy cells and was also found to only work for around 30-40% of patients [33].  
  A study by von Hoff et al. used a combination of gemcitabine and nab-paclitaxel 
(Abraxane®) to treat patients with metastatic pancreatic adenocarcinoma and found a 1.8-month 
greater survival than using gemcitabine alone, but this is only a small improvement overall [34]. 
They also found a median PFS of 5.5 months compared to 3.7 months for gemcitabine alone. There 
was an increase in the percentage of some grade 3 and 4 side effects compared to gemcitabine 
alone. These included neutropenia (11% increase), fatigue (10% increase) and neuropathy (16% 
increase).  
A follow up to this study by Reni et al. used gemcitabine-nab-paclitaxel alongside cisplatin 
and capecitabine (PAXG) compared to nab-paclitaxel-gemcitabine (AG) [35]. There was an 
increase in the median PFS of patients taking the PAXG compared to the AG, 12.5 and 9.9 months 
respectively. As well as this, the median survival was found to be very similar for both treatments, 
with PAXG patients having 20.7 months and AG patients 19.1 months. They also noted that there 
was a decrease in grade 3 and 4 side effects, except for neutropenia and cholangitis, which 
increased by 15% and 1% respectively. 
 Although there has been some success in increasing the life expectancy of patients with 
pancreatic cancer, with the studies listed here showing a general improvement in median PFS and 
overall survival, the majority of these treatments provide no cure. They are mainly used to extend 
the life of patients and attempt to improve their quality of life. There are also issues with current 
therapeutics as all of these studies reported several side effects, mainly grade 3-4, commonly 
attributed to damage to healthy cells caused by the drugs, which could be avoided using a more 
targeted delivery system. The only treatment currently available that provides any form of “cure” is 
surgical resection. Surgical resection is, however, only possible for around 15% of patients and only 
in the early stages of pancreatic cancer [36] and is subsequently followed by chemotherapy [37]. 
However, this is still unsuccessful in most cases as 80% of patients relapse and there is a 5-year 
patient survival rate, despite undergoing chemotherapy after surgical resection [38,39].   
 
Pancreatic Tumors, the Tumor Microenvironment and Resistance to Chemotherapeutics 
  One of the initial problems with tumors and chemotherapeutic resistance is the entry of 
chemotherapeutics into tumor cells. The dense stroma formed by pancreatic cancers often hinder 
drug or particulate penetration into the tumor microenvironment where the rapidly proliferating 
cells are located (Figure 2) [40]. There are other components that effect resistance to 
chemotherapeutics, including healthy cells in the tumour environment. There is substantial evidence 
that healthy cells in the tumor microenvironment also increase drug resistance to anticancer agents 
[41-43]. In addition to this, it has been observed that some fibroblasts have the ability to confer 
resistance to anticancer agents, as in Gellar et al., who discovered that the combination of human 
dermal fibroblasts and colorectal and pancreatic cancer cell lines gave the cancer cells greater 
resistance to gemcitabine [29].  As well as these, Li et al. discovered the presence of cancer stem 
cells in human pancreatic adenocarcinoma [44]. They identified the pancreatic cancer stem cells 
using the marker combination CD44+ CD24+ ESA and saw that these cells were able to create other 
differentiated cells or self-renew in mice. Another study by Hermann et al. identified cancer stem 
cells in pancreas tissues using the surface marker CD133 [45].  They noted that CD133+ expressing 
cells had high tumorgenicity in contrast to the majority of CD133- expressing cells, which did not 
cause tumor formation.  
  Several components of the tumor microenvironment have been associated with cancer 
resistance, participating in the initiation, progression and metastasis of cancer [46]. Tumor 
associated macrophages (TAM’s) play a role in pro-tumor activity. TAM’s are commonly recruited 
by a few different types of cytokines, including chemokines and vascular endothelial growth factor 
[47]. They are also known to have decreased tumoricidal activity and are able to produce several 
factors that promote angiogenesis, including cyclo-oxygenase-2 (COX-2)-derived prostaglandin E2 
and vascular endothelial growth factor [48]. More recently, TAM’s have been implicated in 
producing Sema4D, which promotes angiogenesis [49], and Gas6, which promotes the proliferation 
of cancer cells [50]. Tumor cell products can promote the pro-tumor abilities of TAM, some of 
which include CSF-1, IL-10 [51] and certain components of the extra-cellular matrix [52].  
  Hwang et al. determined that human pancreatic stellate cells increased tumor proliferation, 
invasion, and colony formation [53]. As well as this, they also determined that the COX-2 gene is 
altered in cancer cells and fibroblasts and highlighted the potential role of pancreatic stellate cells in 
causing stroma. Xu et al. completed a study to determine the role of pancreatic stellate cells using 
both in vitro and in vivo models [53]. They confirmed that these cells facilitate the metastasis and 
local growth of tumors, as well as their ability to travel to other sites with cancer cells.   
  Cancer associated fibroblasts (CAFs) have been identified to play two different roles in 
tumorigenesis. Erez et al. identified that CAFs can recruit macrophages to mediate inflammation 
and stimulate angiogenesis [54]. They were also able to identify a gene signature from CAF that 
cause their ability to promote tumor growth. CAFs have also been implicated in promoting the 
growth of tumors in multiple ways, including angiogenesis and extracellular matrix remodelling. 
 Another cause of tumor progression is chronic inflammation. A study by de Visser, Korets 
and Coussens looked into chronic inflammation, how it is mediated, and whether this led to 
initiation of cancer using a HPV16 mouse model [55]. They initially determined that 
hyperproliferation of cells occurs with inflammation and that B-lymphocytes played a key role in 
regulation of inflammation that could lead to the formation of malignant cells. These B-
lymphocytes were not found to enter the premalignant skin, hence were deemed to act an 
immunomodulatory manner.  
  Many different proteoglycans have also been implicated in cancer biology. Iozzo determined 
that heparin sulphate proteoglycan contributes to pro-angiogenic activity [56], and later determined 
that C-terminal fragments of other proteoglycans could act in an anti-angiogenic manner in two 
other studies [57,58]. Sanderson and Yang determined that glypicans have also been involved in 
various functions in tumors, including promotion/inhibition of cancer initiation and progression 
[59]. Filmus and Selleck have determined that syndecans participate in the same processes [60]. 
Iozzo and Schaefer found that small leucine-rich proteoglycans block the activity of receptor 
tyrosine kinases in tumors [61]. 
  The MYC oncogene has also been implicated in the formation of tumors, due to alterations 
in copy number variations, where genome sections repeat [62]. This gene has the ability to initiate 
and progress the formation of tumors alone, which has been seen in several studies [63,64]. A study 
by Mazur et al. also determined that the Notch2 protein is a modulator of MYC in PDAC as 
observed in several cell lines [65]. Their study also noted the increased expression of MYC in 
pancreatic precursor tumors. The study by Witkiewicz et al. determined that activity of MYC was 
amplified and confirmed that there was increased expression of MYC in precursor pancreatic 
lesions [62]. 
  PDAC in particular has several different characteristics including dense desmoplastic 
infiltration, common to solid tumors, along with stroma, associated with chemoresistance and 
furthering tumor progression [46]. In PDAC specifically, stroma makes up over 80% of the mass of 
tumors [66]. Pancreatic stellate cells have been proposed to be responsible for stroma formation 
[67], with these cells composing 4% of pancreas tissue [68]. In fact, an index for stroma activation 
is determined using a marker for the activated form of the pancreatic stellate cells in relation to 
collagen expression, where a larger value indicates a poorer patient prognosis, a marker commonly 
used for PDAC patients [69]. With multiple factors causing resistance to chemotherapy and other 
anti-cancer drug regiments, treating patients with pancreatic cancer has become much more 
difficult.  
 
Intratumoral bacteria and how they affect anti-cancer therapies 
  One of the most recently identified causes of resistance to cancer therapeutics involves 
intratumoral bacteria. Hypoxia and necrosis are common in tumour tissues, providing the perfect 
environment in which bacteria can easily enter and successfully colonise [70]. The oxygen pressure 
in tumors has been found much lower than in normal tissues, often being in the range of 0-20 
mmHg compared to the normal 20-100 mmHg, indicating hypoxia [71].  Hypoxia and necrosis 
occur due to fast tumor growth and poor oxygen supply due to poor vascularisation, creating an 
anaerobic environment in which bacteria can enter and colonise [72]. 
  The clinical use of gemcitabine has been impacted by the current levels of tumor resistance, 
especially by the presence of intratumoral bacteria. Lehouritis et al. looked into the effects of 
bacteria against several different chemotherapeutics, including gemcitabine [73].  They used CT26 
tumors which were then injected with E. coli and treated with gemcitabine. Those tumors showed 
an increased tumor volume and there was a significant decrease in survival compared to a control 
(17 days versus 28 days). Hence, these results indicated that gemcitabine was less effective in 
controlling tumor growth when bacteria were present. In a similar study by Geller et al., they 
filtered their fibroblast-conditioned medium and resistance to gemcitabine was lost, indicating the 
presence of something else which may mediate resistance [29]. They discovered the presence of 
Mycoplasma DNA in the human dermal fibroblasts they co-cultured with the cancer cell lines, with 
almost all of the bacteria present being Mycoplasma hyorhinis. Using a mouse model, they also 
determined that M. hyorhinis was able to infiltrate tumor cells and cause resistance to gemcitabine 
and can convert gemcitabine to 2’2-difluorodeoxyuridine by deamination. They tested 27 species of 
bacteria for gemcitabine resistance, finding 13 of these bacteria were able to stop gemcitabine from 
inhibiting the growth of RKO human colorectal carcinoma cells. Using human PDAC tissue 
samples, they were also able to detect the presence of bacterial rDNA (ribosomal DNA) and 
compared the number of bacteria found in PDAC tumors to those in a normal pancreas. 76% of 
PDAC samples contained bacteria compared to 15% in normal pancreas samples. The most 
commonly found bacterial species were Gammaproteobacteria.  
  One possible solution to this would be to co-administer antibiotics with cancer therapeutics. 
This was investigated by Geller et al. in which they utilised a colon carcinoma mouse model and 
determined that there was an improved efficacy of gemcitabine when used alongside antibiotics 
(Figure 3) [29]. However, over-use of antibiotics has caused several species of bacteria to become 
multi-drug resistant (MDR) and this resistance is transferable via the super-resistance gene NMD-1 
[74]. One of the possible solutions for this is to administer a bactericidal agent that faces minimal to 
no resistance from bacteria which also have the ability to form the reactive oxygen species that are 
also known to have a bactericidal effect. 
 
Silver nanoparticles 
Colloidal silver is not new. It has been used in multiple sectors for many years. Medically, 
silver nanoparticles (AgNPs) have been impregnated into wound dressings and other topical 
treatments where antimicrobial action is required, as well as being used for surgical coatings, 
dietary supplements, cosmetics, textiles, food packaging, medical implants, and water sterilized 
applications [75]. In 2011, AgNPs accounted for 55.4% of the total nanomaterial-based products on 
the market [76]. 
With a few exceptions, borohydride-mediated reduction has been employed in the majority 
of syntheses of dispersible AgNPs reported [77]. Sodium borohydride (NaBH4) is one of the 
strongest reducing agents for making small size nanoparticles, which facilitates rapid nuclei 
generation, resulting in the formation of monodispersed and uniform sized silver colloids [78]. 
However, NaBH4 is not desirable for making large AgNPs where a slower reaction rate is required 
[79], hence the weaker reducing agent trisodium citrate (TSC) is used. It contributes to the creation 
of relatively large AgNPs, having a wider size distribution [80] and can also result in morphological 
variations of the colloids forming cubes, triangles, rods and spherical nanoparticles [81,82]. Another 
method of AgNP fabrication is via the co-reduction method. Here, the combination of two different 
reductants (NaBH4 and TSC) is employed which results in a more tuneable reaction with a high 
control over the growth of nucleation and nanoparticle formation [83,84]. Using this method, it is 
possible to produce stabilized AgNPs over a wide size range (5–100 nm) [85].  
The characterisation of these materials is relatively simple, with most techniques being both 
well-known and well used in a variety of sectors. Some of the most commonly used techniques 
include UV-vis, dynamic light scattering (DLS), scanning electron microscopy and transmission 
electron microscopy. UV-vis, DLS and both types of electron microscopy give insight into the size 
of the nanoparticles, with electron microscopy also giving insight into the shape of the nanoparticles 
and DLS being able to determine the surface charge and the aggregation of nanoparticles in the 
solution, known as the polydispersity index.  
 Generally, nanoparticles have several properties that make them useful in imaging, drug 
delivery, and creating cancer biomarker profiles of cancerous tumors [86]. AgNPs have several 
applications for cancer, they have been associated with anticancer properties and have been used 
against several cancer types including leukaemia [87], breast cancer [88], lung carcinoma [89], 
hepatocellular carcinoma [90] and glioblastoma [86]. However, there are only limited number of 
studies reported concerning the use of AgNPs in pancreatic cancer therapy. Here, we will discuss 
the progress made to date and possible avenues which could be explored based on the existing 
scientific literature. Table 2 summarised the use of AgNPs for cancer therapy and their stage within 
preclinical testing. 
 
Exploiting inherent cytotoxicity 
AgNPs themselves can be used as a potent anti-cancer agent when administered within a 
certain size range. Hence, there is potential that administration of AgNPs alone into pancreatic 
tumors may result in tumor reduction or retardation. A size dependent cytotoxicity is often 
experienced using AgNPs, where particles below 10 nm exhibit an increased cytotoxic profile 
compared to their larger counterparts. This phenomenon has been observed in a study on pancreatic 
cancer. Zielinska et al. reported the effects of AgNPs on both PANC-1 cancer cells and hTERT 
non-cancerous cell lines, using 2.6 and 18 nm AgNPs. They determined that there was a greater 
cytotoxic effect on the PANC-1 cells than the non-cancerous cells [91]. Additionally, they 
determined that the 2.6 nm AgNPs had a much higher cytotoxicity, around 16 times greater than 
that of the 18 nm AgNPs. The same study also compared using AgNPs to gemcitabine alone, 
determining that gemcitabine was unable to decrease the viability of the PANC-1 cells to the same 
extent as AgNPs. AgNPs were also found to prevent cell proliferation, induce apoptosis and 
necrosis, and cause some changes in the ultrastructure of PANC-1 cells to induce cell death (Figure 
4).  
  There are different methods by which AgNPs act in an anti-cancer manner. Guo et al. 
determined that AgNPs produce reactive oxygen species, reducing the viability of the cells, causing 
DNA damage and inducing apoptosis [87]. This confirmed results from Lim et al. and Arora et al. 
[92,93]. Lim, Gurung and Hande determined that AgNPs have antineoplastic activity, appearing to 
act in a similar manner to many current chemotherapeutics and have been seen to cause cytoskeletal 
deformities [86]. Another study completed by Sriram et al. looked into the effects of AgNPs against 
Dalton’s lymphoma, using a xenografted mouse model [94]. They found that there was a significant 
decrease in tumor volume of 68.5% compared to the control (7.3 mL in the control versus 2.3 mL). 
They also confirmed that AgNPs administered via intraperitoneal injection were able to extend the 
lifespan of the mice to 32 days compared to the control (18 days). 
One explanation for this size dependant cytotoxicity is related to the amount of reactive 
oxygen species generation which is greater with smaller nanoparticles which possess a higher 
surface to volume ratio. Barcińska et al. explored this concept utilising the same cell lines as in 
Zielinska et al., determining that the production of reactive oxygen species in the cancer cell lines 
was double that of the non-cancerous cell lines [95]. Their results in terms of the cytotoxic effects 
of AgNPs on PANC-1 cells confirm those presented by Zielinska et al. As well as this, they 
determined that there was a much higher concentration of nitric oxide present in the PANC-1 cells 
treated with 2.6 nm and 18 nm AgNPs. Both sizes of nanoparticles were able to cause an increase in 
the concentration of nitric oxide present in PANC-1 cells, compared to a control, with the 2.6 nm 
AgNPs causing the greatest increase. The same study also determined that there were significant 
effects on the cell cycle and changes in mitochondrial ultrastructure when utilising AgNPs.  
Another approach reported is to co-administer the AgNPs with a chemotherapy to induce 
synergistic toxicity. Yuan, Peng and Gurunathan utilised AgNPs with gemcitabine to determine if 
combining the two increased the anti-cancer effects against ovarian cancer cells [96]. They initially 
tested AgNPs and gemcitabine individually and determined that a concentration of 25 nM of 
gemcitabine produced a cytotoxic effect and that there was an increase in cytotoxicity at 25 nm of 
AgNPs, both after a 24-hour incubation period. They determined that by combining AgNPs and 
gemcitabine, there was a much more efficient decrease in cell viability compared to the two alone. 
Their results also showed that a lower concentration of AgNPs alongside gemcitabine was able to 
cause the death of cancer cells.  
AgNPs have also been trialled alongside the plant-derived Berberine against human 
squamous carcinoma cells, in this case using the cell line SCC-25 [97]. Dziedzic et al. determined 
that there was a dose-dependent and time-dependent effect on these cells over a 24- and 48-hour 
period using AgNPs alone. These were also shown to cause increase the expression of pro-apoptotic 
Bax at a concentration of 10 μg mL-1, as well as noting significant morphological changes between 
the control and treated cells. For the combination treatment, it was found that there was lower 
cytotoxicity than each component alone. There was mainly Bcl-2 gene expression, with the anti-
apoptotic pathway activated. This would be useful for cells that were not cancerous, as they would 
not be as damaged by the combination treatment as they would the AgNPs alone.   
DNA-dependent protein kinases have been used alongside AgNPs, modifying their 
anticancer ability against glioblastoma (U257) and breast cancer (MCF-7 and MDA-MB-231) cells 
[86]. Lim, Gurung and Hande found that after 48 hours, the shape of the cancerous cells had altered, 
compared to their control counterparts, much like other studies. Further, their report found that 
AgNPs were able to reduce cancerous cell proliferation, cause cell death, a reduction in the 
expression of c-Myc and caused DNA damage.  
There are, as of yet, no clinical trials that have looked into the use of AgNPs as a potential 
treatment for pancreatic cancer, and the majority of the studies listed here are in very early stages. 
There is a clear future for these technologies with their success in these studies, but there is likely to 
be a significant delay before any come into fruition. However, one thing is certain, given their 
known cytotoxicity issues at elevated doses, any new potential therapies will need to be heavily 
scrutinised in terms of accumulation site, residence time, clearance and all associated risks which 
come with these in terms of breakdown and safety before clinical translation could be realised. 
 
Exploiting inherent antimicrobial nature of silver nanoparticles  
As greater understanding of the tumor microenvironment is elucidated, these environments 
are being increasingly implicated in the clinical failure of current chemotherapeutics. For instance, 
the recent study by Geller et al. published in Science described how colorectal tumors were 
becoming resistant to gemcitabine due to the presence of Gammaproteobacteria and subsequent 
expression of cytidine deaminase within the tumor site, which converts gemcitabine into an inactive 
form [29]. With this knowledge, it may be possible to improve the efficacy of existing therapies by 
addressing the bacteria residing in the microenvironment. One of the most well-known materials 
with antibacterial properties is silver. Silver itself has been used in therapies since ancient times, 
and is used in various applications, including films and dressings [98]. 
 Silver ions inhibit bacteria using several mechanisms, including inhibition of respiratory 
chain enzymes, interfering with membrane permeability [78] and affecting DNA replication [100] 
(Figure 5). The way in which silver ions are distributed differs, with 60% entering the cell and 40% 
binding to the surface of the bacteria [98].  It has been suggested by Marini et al. that AgNPs have a 
similar mode of action to silver nitrate, releasing silver ions [100]. A study by Shrivastava et al. 
determined that the main pathway by which AgNPs exhibit antibacterial activity was by attaching to 
and then passing through the bacterium’s cell wall [101].   
  AgNPs possess excellent antimicrobial properties as well as being able to affect other 
microbes, including protozoa and fungi [102,103]. Several studies have looked into the use of 
AgNPs on various viruses including hepatitis B [104], influenza virus [105] and HIV-1 [106, 107], 
all of which found that AgNPs had some effect.  As well as these, there have been studies into the 
use of AgNPs against fungi. A study by Kim et al. looked into the effects of AgNPs on several 
different types of fungi that were pathogenic towards plants [108]. These included A. alternata, B. 
cinereal and F. oxysporum. They found that when AgNPs with a relatively low concentration were 
effective against the fungi tested, but these were only tested in vitro.   
 The physical properties of AgNPs have an impact on their antimicrobial activity. One of 
these important properties is their size. Studies by both Martinéz-Castañón et al. and Morones et al. 
found that smaller AgNPs possess greater bactericidal activity [109,110].  
    There have been several studies that have examined and utilised the antibacterial properties 
of AgNPs.  Lok et al. synthesised both reduced and oxidised AgNPs and tested them for their 
antimicrobial activity against E. coli [99]. They noted that oxidised AgNPs had better antibacterial 
properties, linked to their size and shape. Shrivastava et al. tested the antibacterial effects of AgNPs 
against E. coli, S. aureus, ampicillin-resistant E. coli and an MDR strain of S. typhus [101]. Their 
study determined that using increased concentrations of AgNPs enhanced their effect, with a 
concentration of 25 μg mL-1 inhibiting the growth of all of the bacterial strains listed. Martinéz-
Castañón et al. completed a study looking into how different sizes of AgNPs impacted their 
antimicrobial effect [109]. They generated AgNPs that were 7, 29 and 89 nm. The largest size of 
AgNPs also exhibited a slightly different shape, being less spherical than the two smaller 
counterparts. Overall, they determined that the smaller size of AgNPs presented with the greatest 
antibacterial effect against both E. coli and S. aureus. 
  As well as nanoparticles possessing their own antimicrobial activity, several studies, 
including those by Fayaz et al. and Shahverdi et al. have investigated the use of antibiotics 
alongside AgNPs [111], including attaching antibiotics to the surface of AgNPs [112]. Fayaz et al. 
tested biogenically synthesised AgNPs with antibiotics against four different species of bacteria, 
including two strains of gram-negative (E. coli and S. typhi) and two strains of gram-positive (S. 
aureus and M. luteus) bacteria. They discovered that the antimicrobial properties of all the 
antibiotics they utilised were increased when co-administered with AgNPs. Shahverdi et al. 
determined that the nanoparticles were more effective against S. aureus than against E. coli. Brown 
et al. used AgNPs to carry ampicillin, aiming to improve the efficacy of the drug [113]. The data 
showed that the AgNPs which were functionalised with ampicillin were effective against a broad-
spectrum of bacteria (both Gram-negative and Gram-positive) and excitingly, they possessed the 
ability to subvert the antibiotic resistance mechanisms in multiple-drug-resistant bacteria. 
  There have also been studies looking into the combination of two different antimicrobial 
agents, one of which being AgNPs, and determining if this produces an increased or synergistic 
antibacterial effect. Chen et al. developed polymer colloids which were coated with AgNPs [114]. 
These were tested against E. coli and were found to completely inhibit its growth, similar to the 
results found in the study of Lok et al. [99]. They also determined that these effects were dependent 
on both the size and dose used, with the lower concentration range of 1 to 10 μg mL-1 having little 
effect [114].  
 Shankar, Wang and Rhim tested the release of silver ions from a variety of materials 
including AgNPs, within alginate-based composite films in order to allow for a steady release of 
silver over time [115]. They synthesised AgNPs using citrate as the reducing agent and also used 
laser ablated AgNPs and tested them against E. coli and L. monocytogenes. It was determined that 
the reduced AgNPs had potent antibacterial activity whereas the laser ablated AgNPs had little to no 
effect on bacteria. There was also a greater effect on the gram-negative E. coli than the gram-
positive L. monocytogenes. Similar to the study by Shankar, Wang and Rhim, Acharya et al. 
developed AgNPs alongside alginate and gelatin hydrogel films [116]. They were tested against 
several bacterial strains, including S. typhi, P. aeruginosa, E. coli and S. aureus and found that the 
Gram-negative bacteria strains were more affected by the composites than the Gram-positive 
bacteria.  
  Kong and Jang synthesised AgNP-containing poly(methyl methacrylate) nanofibers for 
antibacterial purposes, in order to allow for a steady release of silver over time, alike the work 
reported by Shankar, Wang and Rhim [115,117]. They tested their nanofibers against E. coli and S. 
aureus and determined that the antibacterial activity of the nanofibers was superior to those of both 
silver nitrate and silver sulfadiazine alone.  
  Overall, the antibacterial properties of AgNPs have been well tested, with various papers 
using AgNPs alone and others using AgNPs alongside other materials in order to allow for 
controlled release. The majority of studies that utilised a different species of bacteria determined 
that there was a difference in the efficacy of AgNPs on Gram-positive and Gram-negative bacteria, 
with Gram-negative bacteria generally being better affected. Therefore, we propose that this is one 
major area for consideration in improving drug efficacy for gemcitabine treatment. The AgNPs will 
selectively reduce bacterial presence, hence allowing the drug to carry out its well-established 
function. Additionally, the AgNPs may act as a drug carrier to bring the gemcitabine to its site of 
action. This concept will be further addressed in the drug delivery section below. 
Drug Targeting and Delivery 
The surface of AgNPs is well suited to modification both electrostatically and covalently. A 
net negative zeta potential renders cationic charge-charge van der Waals interactions as one 
possibility for attachment of drugs or other molecules of interest. Additionally, covalent conjugation 
of molecules onto the surface of AgNPs is easily achieved using dative covalent bonding with thiol 
or disulphide residues. 
   There is great debate within the nanomedicine community regarding the passive targeting 
ability of nano-carriers via enhanced permeability and retention (EPR) effect in pancreatic tumors. 
Multiple studies have shown increased drug efficacy after either conjugation onto the surface of, or 
encapsulation within the core of, nanoparticles [118]. However, this increase in efficacy may solely 
be down to the prolonged circulation times of these nanoparticles and not due to EPR effect given 
the highly dense stroma surrounding these problematic tumors. To compensate for this lack of 
clarity, the use of targeting moieties is routinely used in nanomedicine design for pancreatic cancer 
therapy [119]. These include the use of folic acid [120], peptides [121] and specific antibodies 
[122]. These moieties undergo active transport internalisation processes (Figure 6) which help to 
preferentially traffic the therapies into the cancerous cells which allow for deeper tumor penetration 
whilst evading healthy tissue and indeed macrophage clearance in the bloodstream. 
 A wealth of data has been generated using gold nanoparticles (AuNPs) for pancreatic cancer 
drug delivery [123-125]. Gold coated iron oxide have been shown to enhance activity of 
gemcitabine through controlling its release with laser initiated heat resulting in tumour reduction in 
pancreatic xenografts compared with the free drug (Figure 7) [124]. It is postulated that these could 
be replicated using AgNPs with very similar mechanism of action, with the added benefit of 
antimicrobial activity. As long as any inherent toxicity is addressed in terms of appropriate particle 
size and surface modification with polymers or other biocompatible moieties, issues such as toxicity 
on administration and accumulation can be addressed. The use of AgNPs for targeted drug delivery 
has already been shown in other cancers. Folic acid conjugated AgNPs were fabricated and 
anticancer drug doxorubicin was electrostatically attached onto their surface [126]. The study 
showed that drug release occurred into the cytoplasm after 4 hours with significant cell death 
observed after 8 hours. 
Another study reported that galactomannan conjugated AgNPs possess enhanced anticancer 
action in adenocarcinoma alveolar basal (A549), colorectal carcinoma (HCT116) and hepatocellular 
carcinoma (HepG2) cancer cell lines, compared against a control of mouse fibroblast cell lines 
(3T3-L1), displaying a lower level of toxicity towards normal cells [127].  
It is envisaged that data reported to date in these other cancer types will spark the interest of 
pancreatic cancer researchers and subsequent studies will commence in this area.   
   
Thermal therapy 
  Tumor ablation has been tested for use against several different types of cancer, including 
prostate [128] kidney, bone and lung cancers [129]. There are several types of ablation that have 
been tested for use as therapeutics, including radiofrequency ablation [130], cryoablation [131] and 
focal laser ablation [132]. Like AuNPs, AgNPs possess a surface plasmon resonance wavelength at 
which irradiated light becomes scattered and absorbed. The absorption rapidly transfers light into 
thermal energy allowing the nanoparticles to act as localised heaters which can be used for both 
ablation and heat mediated drug release. Although the absorption is reduced in AgNPs compared 
with AuNPs, theory suggests that the heating potential of AgNPs should be sufficient to generate 
thermal increases required for irreversible cell damage. As of yet no studies have been reported in 
the pancreatic field, however, with all the benefits of using AgNPs outlined above, it is postulated 
that this will be a further area of research interest with a high likelihood of success. Additionally, 
these platforms may be tailored, as AuNPs have been in order to act as a triggered stage for drug 
release using light and/or thermal energy [133]. 
   
Radiation enhancers   
Radiation therapy is common in patients with pancreatic cancer. AuNPs have already been shown 
to work as radiation sensitizers in breast cancer therapy [134] [135], hence this application may be 
another opportunity to harness the power of AgNPs. Swanner et al. reported that AgNPs were 
selectively cytotoxic towards triple negative cells at doses which had minimal effect on non-tumor 
cells [136]. Here the study confirmed that AgNPs induced more DNA and oxidative damage in the 
cancerous cells which is responsible for their ultimate mortality. They used these AgNPs in 
combination with infrared radiation at doses of 0–4 Gy (dose rate of 2.39 Gy/min) both in vitro and 
in vivo. Excitingly, the combination therapy resulted in a dose-enhancement effect in the triple 
negative breast cancer and was found to be nontoxic to healthy tissue. Similarly, Lu et al.  
demonstrated that protein coated AgNPs enhanced X-ray radiation dosages to a different strain of 
breast cancer cells (231) in vitro compared to the radiation alone [137]. Liu et al. found that AgNPs 
actually outperformed AuNPs in their radiosensitizing properties in U251 cells and in an 
intracranial mouse glioma model [138]. This exciting finding gives much promise to the future of 
AgNPs within this arena. Currently, the use of AuNPs for cancer therapy is a huge area of 
investigation across multiple cancer types. Liu postulated that the increased enhancement ability 
possessed by the AgNPs compared to that of the AuNPs was due to the increased pro-apoptotic 
effects. Another example of how the many attributes of silver, if harnessed correctly, may lead to an 




The number of articles on silver nanoparticles in pancreatic cancer therapy is growing. The recent 
review chapter written by Skonieczna and Hudy shows the increasing popularity of silver 
nanoparticles for their various properties, including antimicrobial and anticancer properties [139]. 
Increased interest in these systems has been realised due to their unique nanoscale properties. The 
combination of ease of manufacture, tailoring ability, relative cost, antimicrobial properties tuneable 
optical and toxicological profiles renders these particles interesting platforms for pancreatic cancer 
therapy. Since these nanoparticles are currently at the early stages of testing and fabrication, there 
would need to be careful regulation of AgNPs before administering any of the listed treatments to 
patients, especially due to the fact that there is evidence of AgNPs causing DNA damage to normal 
human cell lines [140]. Possible “interfering factors” include the shape, size, stability, 
pharmacokinetics and accumulation of these nanoparticles. As well as this, there would need to be 
an investigation into any possible effects that this could have on the environment, as silver is known 
to be toxic to aquatic life.  
 As more investment in this under-represented cancer is realised, so too will the full 
potential of colloidal silver in its treatment. They say that every cloud has a silver lining, in this case 
we hope that the silver lining of tumors will lead to increased patient survival and long-term quality 
of life.  
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Figure legends 
Figure 1. Chemical structure of gemcitabine. 
Figure 2. Pancreatic cancer microenvironment. The tumor microenvironment consists of numerous 
cell types and extracellular matrix, which collectively affect drug delivery. Pancreatic cancer is 
notably characterized by fibrosis separating cancer cells from blood vessels. The dotted arrow 
shows the path than an i.v. given nanoparticle must travel to reach cancer cells and achieve its 
effects [40]. 
Figure 3. Antibiotics enhance the anticancer activity of gemcitabine in a mouse model of colon 
carcinoma. (A) A subcutaneous model of colon carcinoma (MC-26 cells) was established in 
immunocompetent BALB/c mice. Bacteria expressing luciferase were injected intravenously and 
selectively detected in the tumors with IVIS. (B and C) E. coli Nissle 1917 (5 × 106 bacteria) were 
injected into the tail vein of mice with MC-26 tumors. The antibiotic ciprofloxacin (Cipro) (150 
mg/kg) was administered intraperitoneally (every 12 hours), and gemcitabine (Gem) (150 mg/kg) 
was administered on days 0 and 4. The antibiotic prevented bacterial growth (B) and increased the 
efficacy of the chemotherapy [(C) Left panel, no significant difference; right panel, ***P < 0.001 
by two-way analysis of variance (ANOVA) with a Bonferroni adjustment]. N = 16 to 18 mice 
(groups without Cipro) and 9 to 13 mice (groups with Cipro). Tumor size was normalized to the 
tumor size on day 0. Bars represent standard error of the mean. (D) WT E. coli or CDD-deficient E. 
coli (DCDD) were injected into the tail vein of mice with MC-26 tumors. Gemcitabine was 
administered intraperitoneally (150 mg/kg) on days 0 and 4. Gemcitabine significantly inhibited 
tumor growth when DCDD bacteria rather than WT bacteria were administered (*P < 0.05 by two-
way ANOVA with a Bonferroni adjustment). N = 15 mice (WT – Gem), 6 to 8 mice (WT + Gem), 
10 mice (DCDD – Gem), and 4 to 6 mice (DCDD + Gem). Tumor size was normalized to the tumor 
size on day 0. Bars represent standard error of the mean. (E) Devices for local intratumor release of 
drug microdoses were used to release gemcitabine and antibiotics, alone and in combination, 
directly into the microenvironment of bacteria-colonized tumors to assess in vivo efficacy (13). 
Histological staining by cleaved caspase 3 shows significantly more apoptosis when gemcitabine is 
released in combination with antibiotics (ii and iv) but less apoptosis when gemcitabine (i) or 
ampicillin (iii) is administrated alone. Scale bars, 200 mm [29]. 
Figure 4. PANC-1 cells treated with 2.6 nm AgNPs. AgNPs triggered both apoptotic and non-
apoptotic cell death at 2.5 μg/ mL (A-C) and 3.5 μg/mL (D) concentration. The evidence of both 
apoptotic (arrow) and necrotic/necroptotic (black arrow head) cell morphology have been found (a 
and b). Apoptotic cell with typical nuclear condensation (N), blebbing (asterisk) (b). The 
necroptotic cell death was preceded by intensive cytoplasm vacuolization (v), nuclear membrane 
dilatation (white arrow heads) and disrupted cellular membrane ad cytoplasmic swelling (a, c and 
d). Final stage of cellular death, degradation of cell organelles and cytoplasm (d). Loss of cell 
membrane integrity, chromatin condensation of nucleus (N). The representative cell is shown, 
presenting final stage of cellular death, degradation of cell organelles and cytoplasm, total loss of 
cell membrane integrity. However, the nuclear membrane integrity was maintained, the nucleus (N) 
was condensed, with peripheral clumps of heterochromatin. At this level of cell damage it was 
impossible to specify the cell death pathway. Magnifications: a ×2000; b ×4000; c ×5000; d ×6000 
[91]. 
Figure 5. Schematic representation of mechanisms of action of silver nanoparticle antimicrobial 
effect.  
Figure 6. Schematic representation of active transport of nanoparticles into cells.  
Figure 7. In vivo evaluation on BxPC-3 xenograft models in Nu/Nu female mice (4-6 weeks old) 
dosed once a week at 3 mgKg-1 for 4 weeks. A) Comparison of tumor volume over study duration∞ 
Study stopped before completion due to tumor volume approaching maximum humane volume (0.9 
cm3). B) Comparison of tumors after excision: 1) control, 2) control with laser irradiation, 3) HNP, 
4) HNP with laser irradiation, 5) GEM, 6) GEM with laser irradiation, 7) HNP-L-GEM, 8) HNP-L-
GEM with laser irradiation. Where laser irradiation was required this was carried out 24 h after 
dosing under anaesthetic. The tumor was irradiated at 1064 nm as for 20 sec using a ML-LASER-
YB5 Q-switched Nd:YAG Laser Treatment System. Pulse width: 10 ns, pulse repetition frequency: 
6 Hz, laser spot diameter: 3 mm, cooling system: water cooled with airflow cooling. The beam was 
collimated through concave lenses to a 1 mm diameter. C) Comparison of tumor weight after 
excision * denotes significance compared to controls, ** denotes significance compared to GEM, 












Table 1.  A summary of the clinical trials comparing new treatment strategies to gemcitabine, or 



















Reni et al 2005 Gemcitabine, 5-FU, cisplatin, 
epirubicin vs. gemcitabine  
III 4 months: 
60% vs 







2009 Gemcitabine, capecitabine vs. 
gemcitabine 






Conroy et al 2011 Folinic acid, irinotecan, 
oxaliplatin vs. gemcitabine 
II/III 6.4 vs. 3.3 
months 
11.1 vs 6.8 
months 
[33] 
Von Hoff et 
al 
2013 Gemcitabine, nab-paclitaxel 
vs. gemcitabine 
III 5.5 vs 3.7 
months  
8.5 vs 6.7 
months 
[34] 
Reni et al 2016 Gemcitabine-nab-paclitaxel, 
cisplatin, capecitabine vs nab-
paclitaxel-gemcitabine 















Table 2.  A summary of different silver nanoparticle-based treatments, tested on either cell culture 
or in a xenografted mouse model. 
 
















against cancer cell line 
than non-cancerous. 

















reduction in cell 
viability, with THP-1 
cells being most 
sensitive and SHI-1 
the least sensitive to 
AgNPs. 
[87] 
Lim et al. 2017 AgNPs - No U937 
Size-dependent effect 
of AgNPs on toxicity, 
smaller NPs had 
greater cytotoxic 
effects at lower 
concentrations. 
Apoptosis and DNA 
damage. 
[92] 

































deformities in cell 
lines. Shape changes 
in the cancer cells. 
Reduction of cell 
proliferation in cancer 
[86] 
cells, caused DNA 










decrease of 68.5% 








Increased nitric oxide 
concentration present 








Ovarian No A2780 
A strong synergistic 
effect was seen, with 
lower concentrations 
of AgNPs required to 
successfully cause 


















Dose and time 
dependent effect over 
24 and 48 hours. 
Berberine had a more 
inhibitory effect on the 
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